Vascular disease has been proposed as a contributing factor for presbyacusis (age-related hearing loss). While this hypothesis is supported by pathological evidence of vascular decline in post-mortem human and animal studies, evidence in human subjects has been mixed with associations typically reported between a measure of vascular health and low frequency hearing in older women. Given the difficulty of characterizing the in vivo health of the cochlear artery in humans, an estimate of cerebral small vessel disease was used to test the prediction that age-related change in low frequency hearing and not high frequency hearing is related to a global decline in vascular health. We examined the extent to which these associations were specific to women and influenced by a history of high blood pressure in 72 older adults (mean age 67.12 years, SD08.79). Probability estimates of periventricular white matter hyperintensities (WMH) from T1-and fluid attenuated T2-weighted magnetic resonance images were significantly associated with a low frequency hearing metric across the sample, which were independent of age, but driven by women and people with a history of high blood pressure. These results support the premise that vascular declines are one mechanism underlying age-related changes in low frequency hearing.
INTRODUCTION
Vascular disease has been proposed as a contributor to age-related hearing loss or presbyacusis for many years (Alexander 1902; Rosen and Olin 1965) . This hypothesis is supported, in part, by observations of stria vascularis atrophy in human tissue (Schuknecht 1974; Nelson and Hinojosa 2003; Suzuki et al. 2006 ). In addition, older gerbils raised without exposure to noise or ototoxic drugs exhibit stria vascularis atrophy with pronounced capillary loss and a reduction in the endocochlear potential, which provides the voltage to the outer hair cells (cochlear amplifier) (Johnsson and Hawkins 1972; Pauler et al. 1988; Schulte and Schmiedt 1992; Gratton et al. 1996 Gratton et al. , 1997 Thomopoulos et al. 1997) . Consistent with evidence for vessel disease affecting the stria vascularis, as well as the spiral ganglion (Makishima 1978) , there is cross-sectional evidence that cardiovascular risk factors and vascular events are correlated with agerelated hearing loss (Susmano and Rosenbush 1988; Perez Villa et al. 1995; Brant et al. 1996; Friedland et al. 2009 ).
There have been non-significant cardiovascular and hearing results (Drettner et al. 1975; Pratt et al. 2009 ), however, as well as evidence for inflammatory disease rather than vascular disease underlying presbyacusis (Bainbridge et al. 2010; Verschuur et al. 2012 ). Inconsistent vascular findings may be due to evidence that associations between metrics of vascular health and hearing appear to be most consistent for low frequency hearing thresholds (Gates et al. 1993; Pirodda et al. 1999; Rosenhall and Sundh 2006; Helzner et al. 2011) . These low frequency findings are supported by evidence for pronounced capillary atrophy at the apex of the cochlea compared to the base (Mom et al. 2005 ). In addition, vascular health associations with low frequency hearing appear to be most consistent when analyses are performed separately for males and females (Gates et al. 1993; Rosenhall and Sundh 2006) . For example, Gates et al. (1993) examined the impact of cardiovascular risk factors on the likelihood of low frequency hearing loss in 996 women and 676 men. A history of coronary heart disease nearly doubled the odds of low frequency hearing loss in women. Moreover, gender-specific effects are consistent with evidence that hearing loss is more likely in women when there is a history of myocardial infarction (Torre et al. 2005 ) and evidence of retinopathy (Liew et al. 2007 ). These findings suggest that women, who on average are more likely to experience low frequency hearing loss than men (Lee et al. 2005) , are at risk for low frequency hearing loss when vascular disease affects the small vessels that support the stria vascularis.
The cochlear artery receives its blood supply from the vertebral artery and has small distal vessels that support the stria vascularis. As part of the cerebral vessel system, the cochlear artery may experience vessel disease seen throughout the central nervous system. In support of this premise, sclerosis of the internal auditory artery and circle of Willis was observed in a post-mortem examination of tissue from people who had age-related hearing loss and high blood pressure (Makishima 1978) . In addition, a retrospective study of audiograms in patients with histories of vascular events demonstrated that people with flat and low sloping audiograms were significantly more likely to have had a cerebrovascular event than people with other audiometric profiles (Friedland et al. 2009 ).
White matter hyperintensities (WMH) in fluid attenuated T2-weighted images and reduced white matter contrast in T1-weighted images in periventricular regions are markers of cerebral small vessel disease (Eckert et al. 2010) . A large body of literature shows that these hyperintensities, which typically occur in periventricular white matter, increase with age and occur with cardiovascular risk factors such as high and variable blood pressure (Brickman et al. 2010; Soderlund et al. 2003) , pulse pressure (Waldstein et al. 2012) , ultrasound measures of common carotid artery diameter and middle cerebral artery pulsatility (Heliopoulos et al. 2012) , and anti-hypertensive medication history (Kuo et al. 2010) . Although there are multiple reasons for WMH (Gouw et al. 2011) , periventricular WMH in postmortem tissue from otherwise neurologically normal older adults have been associated with reduced small vessel density, reduced myelin, and increased vacuolation (Murray et al. 2012) . Therefore, neuroimaging measures of periventricular white matter damage can reflect changes in vascular health. The overarching goal of this study was to test the prediction that older adults, and women in particular, with age-related changes in low frequency hearing are more likely to have WMH with the appearance and distribution that is typical of small vessel disease.
METHODS

Participants
A total of 72 adults with a mean age of 67.12 years (range051.04-88.35 years; 39 female) participated in this study and were part of a longitudinal project on presbyacusis and/or a speech training project at the Medical University of South Carolina. 29 cases, or 40 % of the sample, reported a history of high blood pressure. Evidence of high blood pressure medication dosage, treatment compliance, and quality of high blood pressure control was not available, but some subjects reported taking medications for hypertension (n 032), high cholesterol/hyperlipidemia (n 028), stroke prevention (i.e., aspirin, n015), and diabetes (n06). Only the use of hypertension medication was related to a self-report history of high blood pressure (χ (1, 72) 2 056.35, p06.07 E−14; 100 % with reported high blood pressure and 9 % of people not reporting high blood pressure reported taking medication for hypertension. One case reported high blood pressure but could not recall their medications. There was no difference between males and females in the frequency of reported high blood pressure (χ (1, 72) 2 00.39, ns) or use of anti-hypertension medications (χ (1, 71) 2 00.41, ns). The impact of hormone replacement therapy on hearing thresholds could not be examined given that only two women reported receiving hormone replacement therapy. Exclusionary criteria for participants recruited for this neuroimaging study included a history of head trauma, seizures, self-reported central nervous system disorders, conductive hearing loss or otologic disease, and contraindications for safe MRI scanning. Participants provided written informed consent before participating in this Medical University of South Carolina Institutional Review Board approved study.
Audiometric evaluation
Pure-tone thresholds at conventional frequencies (250, 500 1,000, 2,000, 3,000, 4,000, 6,000, and 8,000 Hz) were obtained with a Madsen OB922 clinical audiometer calibrated to appropriate ANSI standards (ANSI 2004) and equipped with TDH-39 headphones. Bone conduction testing (500, 1,000, 2,000, 3,000, 4,000 Hz) was performed for all subjects to exclude the possibility that elevated thresholds were due to conductive hearing loss. Cerumen management was performed prior to audiometric evaluation for participants whose otoscopic evaluation demonstrated excessive cerumen. Low frequency and high frequency hearing metrics were obtained by standardizing the hearing thresholds relative to the factor analysis weights from a large sample of older adult audiograms that are reported by Eckert et al. (2012) . Specifically, factor analysis weights derived from the thresholds of 1,704 ears (mean age 0 69.92 years [SD07.24] that was 56 % female), which are presented in Table 1 of Eckert et al. (2012) , were applied to the thresholds in the current study by: (1) standardizing each pure tone threshold to the respective mean and SD of 1,704 ears; (2) multiplying the standardized pure tone score by the respective pure tone frequency component coefficient; and (3) summing the values from step 2 for each component across pure tone variables. These statistically independent low and high frequency hearing metrics (r (70) 0 −0.10, ns) provided hearing estimates that are normalized relative to hearing thresholds in the population and were used in analyses with the brain imaging metrics described below.
MRI data acquisition and image pre-processing
A Siemens 3 T Tim Trio and 32 channel head coil were used to collect structural images that are sensitive to periventricular white matter damage. T1-weighted images that demonstrate white matter damage as hypointense contrast were collected with the following parameters: 160 slices; 256×256 matrix, TR02250 ms, TE04.15 ms, flip angle09°, TI0 900 ms; slice thickness01 mm, no slice gap, and an in plane resolution01.0×1.0 mm. Fluid attenuated T2-weighted images (i.e., FLAIR images), which demonstrate white matter damage as hyperintense contrast were acquired with the following parameters: 40 slices; 384×384 matrix, TR09,000 ms, TI02,500 ms, TE0 94 ms, flip angle0180°, slice thickness03 mm, slice gap=3 mm, and an in plane resolution00.5×0.5 mm.
White matter hyperintensity estimation
Each participant's FLAIR image was co-registered to their T1-weighted image using a rigid body mutual information algorithm using SPM8. Figure 1A shows an example of co-registered FLAIR and T1-weighted images and shows that WMH in the FLAIR image occurs in regions where there is reduced white matter contrast in the T1-weighted image. These hypointense regions exhibit elevated gray matter probabilities when the T1-weighted images are segmented, using SPM8 unified segmentation in this study, into gray matter, white matter, and CSF images (Fig. 1A) . This spatially complementary information was used to estimate the probability of white matter damage with the Lesion Segmentation Toolbox (LST; Schmidt et al. 2012 ) and the VBM8 toolbox (http:// dbm.neuro.uni-jena.de/vbm). The LST initially defines the location of WMH based on outlier values across the FLAIR and segmented T1-weighted images (Fig. 1A) . The LST then uses a lesion growing algorithm with Markov Random Fields modeling to define the extent of the lesion. The default LST settings were used with the exception of kappa, a value that reflects the likelihood that a voxel value reflects typical gray matter or white matter relative to the likelihood of white matter damage in the FLAIR image where smaller values are more sensitive to white matter damage. Visual inspection of the probability maps across subjects using different kappa (K) lesion growing values, indicated that a K00.18 was the optimal value for our Siemens images collected with a 32 channel head coil to maximize sensitivity while limiting false positive results (Fig. 1A) . The analyses described below were repeated with a K00.25 based on the Schmidt et al. (2012) findings for K, but this K value did not substantively change the results (not shown). This automated method for quantifying white matter damage has been shown to have a high degree of agreement with manual delineation of WMH in FLAIR images with different image dimensions (Schmidt et al. 2012) .
The lesion segmentation toolbox generated lesion probability images that were normalized into a study specific space by applying normalization parameters that were estimated for the co-registered T1-weighted images. The T1-weighted segmented gray and white matter images were normalized, preserving concentration of signal intensity, into a study-specific coordinate space using diffeomorphic image registration (DARTEL) in SPM8 (Ashburner and Friston 2005) to preserve cortical topology using a membrane bending energy or Laplacian model (Ashburner 2007) . Diffeomorphic normalization, which we have used previously to effectively normalize images from a wide age range of adults (Eckert et al. 2010) , was applied to the co-registered FLAIR images from this older adult sample.
Statistics
Evidence of cerebral small vessel disease. Voxel-based statistical analyses were performed within regions where there was evidence of consistent cerebral small vessel disease across participants. This allowed for verification that effects occurred in regions with vessel disease and to limit the number of comparisons to regions where there was sufficient variance in the probability of WMH in comparison to regions where only one subject (outliers) might contribute to an effect. To define this space, one-sample permutation testing was performed with the FSL randomise algorithm using 10,000 permutations to identify brain regions exhibiting consistent patterns of WMH (pG0.05, corrected) using the unsmoothed WMH images. This non-parametric test was used because the WMH probability data exhibited a bimodal distribution across cases. Threshold free cluster enhancement also was used in this analysis to ensure sensitivity to both diffuse and focal effects (SalimiKhorshidi et al. 2011; Smith and Nichols 2009) .
Associations with hearing thresholds. Voxel-based regression analyses were performed to test the predictions that variation in low frequency hearing, but not high frequency hearing, was related to cerebral small vessel disease. These analyses were performed using the WMH probability images and again were limited to the space of significant small vessel disease across the sample with a corrected significance value of pG0.05. The FSL randomise regression analyses with 10,000 permutations included the low and high frequency hearing metrics, as well as estimates of whole brain gray matter volume, which were obtained from the segmented T1-weighted images to control for brain size effects that vary with gender and age. Total gray matter volume was used as a covariate because of its strong association with age (r0 −0.54, p05.72 E−9), gender (r0−0.40, p00.00003), and an estimate of WMH load (Rostrup et al. 2012) or total WMH (r0−0.30, p00.01). Thus, using total gray matter volume as a covariate provided the opportunity to characterize associations with hearing that were independent of potentially confounding or indirect factors.
We examined the extent to which hearing acuity was associated with vessel disease in groups with and without a reported history of high blood pressure because of evidence for cerebrovascular events relating to an audiometric configuration in cardiac patients (Friedland et al. 2009 ). We reasoned that individual variation in the severity of vessel disease could produce individual differences in WMH and hearing. We also examined the extent to which brain structure and hearing loss associations could be explained by gender because of evidence that vascular findings and low frequency hearing loss are more often observed in women (Gates et al. 1993 
FIG. 1. Defining white matter hyperintensity (WMH) regions
indicative of cerebral small vessel disease in periventricular white matter space. A Co-registered FLAIR and T1-weighted images from an 82-year-old female with a history of high blood pressure (HBP) are presented. The hyperintensity in the FLAIR image, which appears as a white matter hypointensity in the T1-weighted image, is segmented as gray matter (GM) and CSF in comparison to white matter (WM) in the T1-weighted segmented images (orange arrows). The LST conservatively identified WMH across the white matter of this participant (pink transparent WMH overlay). B Non-parametric one sample t-tests using the WMH probability images demonstrated significant pG0.05 (red) to pG0.0001 (yellow) corrected results across the sample. Note that regions in the anterior thalamic radiation, adjacent to the anterior horn of the lateral ventricle, appeared to be more affected across participants compared to regions adjacent to the occipital horn of the lateral ventricle.
Significantly elevated WMH probabilities were observed throughout periventricular white matter regions that are commonly observed to exhibit WMH in normal older adults (pG0.05, corrected; Fig. 1B ; e.g., Soderlund et al. 2003) . The average WMH probability from voxels exhibiting significant WMH across the group (Rostrup et al. 2012) was associated with low frequency and high frequency hearing threshold estimates (low frequency: r (70) 00.24, p00.04; high frequency: r (70) 00.21, p008). However, these associations appear to be dependent on global changes in white matter health that occur across the age range of this sample because the hearing associations were not significant after controlling for age (low frequency: partial r (69) 00.19, ns; high frequency: partial r (69) 0 −0.20, ns). Thus, there were general effects of age on WMH load and the hearing metrics.
Locally specific white matter and hearing effects
The non-parametric voxel-based regression analyses demonstrated that low frequency hearing was significantly associated with increased WMH probability in voxels corresponding to the anterior thalamic radiation that are adjacent to the anterior horn of the right lateral ventricle ( Fig. 2A) , even after accounting for variance due to high frequency hearing loss and global changes in gray matter volume (p G0.05, corrected). These effects were present for the low frequency thresholds (250, 500 Hz) and were consistent across ears (Fig. 2B,C) . The average WMH probability from voxels in the significant anterior thalamic radiation region ( Fig. 2A ) was used to demonstrate that the low frequency hearing association with WMH was not dependent on age (partial r (69) 00.46, p00.0005). This association also could not be explained by an interaction between low and high frequency hearing metrics (r (70) 00.05, ns). No significant associations with WMH were observed across the sample for high frequency hearing.
Gender and high blood pressure effects
The average WMH probability estimate from the right anterior thalamic radiation above ( Fig. 2A) also was used to further interrogate the low frequency hearing findings and test the predictions that vascular effects on low frequency hearing are most prominent in women and people with a history of high blood pressure. The association between WMH probability and low frequency hearing was specific to women ( Fig. 2D ; female: r (37) 00.53, p00. 0005; male: r (31) 0 0.17, ns) and people reporting a history of high blood pressure ( Fig. 2D ; high blood pressure: r (27) 00.62, p0 0. 0004; no history of high blood pressure: r (41) 00.13, ns). Because a history of high blood pressure was related to taking hypertension medications, we also examined the relation between low frequency hearing and the right anterior WMH probability estimate within people who reported taking hypertension medication (r (30) 00.59, p00. 0003) and reported not taking hypertension medication (r (37) 00.12, pGns). In summary, women with a history of high blood pressure were more likely to demonstrate low frequency hearing loss compared to other participants (Fig. 2D) .
DISCUSSION
The results demonstrate a significant association between low frequency hearing and a putative measure of small vessel disease that highlight important factors affecting the likelihood of observing associations between hearing and vascular disease. First, the effects were specific to low frequency hearing. Second, evidence for more prominent effects in female participants could be due to the greater likelihood of low frequency hearing loss in females compared to males (Pearson et al. 1995; Lee et al. 2005 ) and exaggerated by unique vascular effects (Gates et al. 1993) . Third, the effects were present only within people reporting a history of high blood pressure and who were taking medication for hypertension. Thus, women with high blood pressure may be at particular risk for low frequency hearing loss.
The low and high frequency hearing estimates used in this study were derived from a factor analysis of pure tone hearing thresholds in a very large sample of audiograms from older adults that identified two hearing components (Eckert et al. 2012) , which also were observed in a previous factor analysis of audiograms from older adults (Jerger and Chmiel 1997). While the low frequency estimate is not by itself a marker of metabolic presbyacusis, people with metabolic presbyacusis are more likely to have elevated low frequency thresholds than people whose hearing loss is due to sensory cell loss secondary to noise or ototoxic drug exposure (Schmiedt 2010). The degree to which our results reflect an underlying vascular contribution to metabolic presbyacusis is unclear, however. A decline in the cochlear amplifier would produce the range of low frequency hearing loss observed in our participants, with just one case exhibiting low frequency thresholds that exceeded 40 dB ( Fig. 2C; Schmiedt A WMH probabilities for voxels in the anterior thalamic radiation (ATR) at the anterior horn of the right lateral ventricle were positively associated with a standardized estimate of low frequency hearing for which elevated values reflects worse hearing (pG0.05, corrected). B The bar graph shows the strength of the ATR white matter hyperintensity probability value (average probability from red voxels in A) with each left (blue) and right ear (red) pure tone threshold, after controlling for age, to demonstrate the specificity of the effect to low frequency thresholds. C Scatterplots of the 250 Hz result in B. demonstrate the distribution of thresholds for each ear and their linear relation with ATR WMH probability. D The low frequency hearing result was largely driven by females (circles) and people with a history of high blood pressure (orange). The x-axis is the average probability of WMH from across the significant effects shown in A. People with elevated WMH probabilities were more likely to have relatively elevated low frequency thresholds than people with low probability of WMH who were more likely to have better than average low frequency hearing thresholds. Note that the female-specific effect is due in part to a restricted range of low frequency hearing in males (squares). E WMH and hearing associations were specific to low frequency hearing as demonstrated by the non-significant association between high frequency hearing and the average WMH probability across the result in A. HBP high blood pressure.
that would not be indicative of metabolic presbyacusis (Schmiedt 2010). Vascular disease likely affects not just the stria vascularis, but also injures the spiral ganglion (Makishima 1978) and perhaps hair cells, which collectively could produce hearing loss 940 dB HL. Thus, vascular effects on hearing could appear as metabolic, sensory, and/or neural presbyacusis.
On average, women exhibit greater low frequency hearing loss than men, who are more likely to exhibit high frequency hearing loss (Pearson et al. 1995; Lee et al. 2005) . This well-known gender difference in hearing profile probably stems from differences in occupation and lifestyle and appears to have a significant impact on the likelihood of observing associations between hearing loss and metrics of vascular disease (Gates et al. 1993; Rosenhall and Sundh 2006; Liew et al. 2007) . In addition to an important methodological consideration as an explanation for inconsistent findings between hearing loss and vascular disease, gender differences in vascular aging could contribute to low frequency hearing loss in women. For example, women can exhibit smaller and less compliant carotid and vertebral arteries (Hansen et al. 1995; Gatzka et al. 2001) . In addition, the modiolar branches of the cochlear artery that support the stria vascularis are controlled by nitric oxide in male but not female gerbils (Reimann et al. 2011) , suggesting that the stria vascularis is at greater risk for ischemia and hemorrhage in females when atherosclerosis increases blood pressure in vessels that have limited autoregulation. A gradual decline in the stria vascularis, due to chronic hypertension that produces leaky vessels and that also would produce WMH, could therefore account for the results of the current study and a finding of low frequency hearing loss and retinopathy in women (Torre et al. 2005) .
In support of the vascular explanation for presbyacusis, the cochlear artery is susceptible to embolic and hemorrhagic events based on evidence for sudden sensorineural hearing loss due to vertebral artery distribution stroke (Walsted et al. 2000; Lee et al. 2002; Ciccone et al. 2012) . These effects are seen in males and females with hypertension, however. In addition, one argument against a female-specific small vessel disease effect on hearing is that men are more likely to experience large and small vessel disease than women (Forster et al. 2009 ). It is important to note that the male participants contributed to the associations observed in this current study but had relatively reduced probability of WMH and low frequency hearing loss. Future studies could focus on a direct comparison of males and females with hypertension and matched low frequency hearing thresholds to determine the extent to which associations are present only in females when the range and median of low frequency thresholds is equivalent across gender groups.
We have used the term putative small vessel disease to characterize the WMH findings because WMH are consistently related to measures of vascular health (Brickman et al. 2010; Kuo et al. 2010; Soderlund et al. 2003; Cook et al. 2004; Waldstein et al. 2012 ). There is a possibility that other factors, such as inflammation that produces a leaky blood-brain barrier, could contribute to the current results (Taheri et al. 2011) . Indeed, one might expect that people with a history of high blood pressure would have significantly worse low frequency hearing than those without if there was a direct link between vascular disease and hearing. Our results do not show this effect, but rather show an association between WMH and low frequency hearing within people reporting high blood pressure. There are at least three explanations for these high blood pressure specific effects that could not be examined in the current study. First, participants may have varied in how well their high blood pressure was controlled. Second, there could be individual differences in secondary inflammatory and/or autoimmune problems, although diabetes does not appear to be a factor in our sample. Third, the variation in WMH and hearing could reflect the severity of vascular disease and delay in treatment. For example, a study of people with well controlled high blood pressure demonstrated that variation in WMH was related to kidney function (Takami et al. 2012) . Longstanding untreated hypertension could affect kidney function and produce widespread vascular damage. Thus, prospective studies on vascular disease and hearing loss will be necessary to characterize if the severity of vascular disease, the quality of high blood pressure control, or other vascular and/or inflammatory risk factors contribute to low frequency hearing loss.
The FLAIR estimate of WMH has been consistently related to vascular health and the distribution of WMH effects in the current study, including the preponderance of large effects in anterior white matter, are consistent with previous findings (Rostrup et al. 2012) . Importantly, the WMH association with low frequency hearing occurred in the thalamic radiation that is in a watershed distribution of middle cerebral and anterior cerebral artery support (van der Zwan et al. 1992) . The anterior thalamic radiation location of this effect does not likely represent a specific effect of anterior or middle cerebral artery decline on low frequency hearing, but more likely represents regions where our WMH metric was sensitive to small vessel disease and where there was a sufficient range of variation for our correlational analyses to detect effects. Indeed, we would have expected a more posterior circulation effect if there was a specific vessel disease effect in the vertebral artery that supplies that cochlear artery. Future in vivo and ex vivo studies involving quantitative and more sensitive measures of vascular disease than used in the current study are predicted to replicate our results and may be more sensitive to vascular changes throughout the CNS. Importantly, our results appear to be consistent with evidence of retinal vasculature damage in people with low frequency hearing loss (Nash et al. 2011 ) and may reflect a general decline in vascular health in people with high blood pressure.
The results of the current study add to the extant literature to indicate that vascular disease is one factor that contributes to a pattern of low frequency hearing loss. It is important to note that the findings in the current study were observed in high functioning older adults with a typical range of low frequency hearing thresholds who did not exhibit signs of mild cognitive impairment. While our findings are preliminary due to limited information about the duration and severity of high blood pressure in our participants, they were observed in a relatively large imaging study that is likely representative of the healthy older adult population for whom widespread vessel disease may also affect vascular support to the cochlea and produce a decline in the stria vascularis that causes a drop in the endocochlear potential. As suggested by epidemiological findings (Nash et al. 2011) , low frequency hearing loss may be driven in part by factors that can be mediated to limit presbyacusis.
